Introduction
Edition (ADOS-2; (32)), and the judgment of a licensed clinical psychologist based on DSM-5 4 criteria. TC individuals were excluded if they had a history of any psychiatric or learning disorder shape was static on the screen and individuals were instructed to count their own heartbeat 1 while lying still in the scanner. During the visual condition, a low-contrast star shape flashed at a 2 rate similar to an average resting heart rate. The flashing visual counting stimulus was designed 3 to be difficult to detect visually. Following each block, participants reported their count using 4 hand signals to a researcher in the scanning room. There was a 15 second rest between each 5 block. This task was practiced outside of the scanner to ensure task comprehension and 6 participants were continually reminded that they were not to physically feel any part of their body 7 for a pulse.
8
During the entire scan, the participant's heart rate was recorded using the peripheral 9 pulse oximeter associated with the 3.0 Tesla Phillips Achieva MRI scanner (sampling rate of 1 0 0.002 seconds). Accuracy on the heartbeat task was calculated by comparing the participant 1 1 counts to the physiological heart rates from the scanner. Accuracy was calculated on each trial, 1 2 or block during each scanner run as the absolute value of ((actual heartbeats from scanner for all completed blocks of heartbeat counting. Accuracy on the visual counting task was actual flashes in e-prime output). Overall accuracy was based on the average for all completed 1 7 blocks of visual counting. Some visual (n=9) and heartbeat (n=18) counting data were missing 1 8 due to technical issues during data transfer from the scanner. Physiological recording data were
cleaned prior to analysis; recordings of fewer than 20 beats per 30 seconds were rejected as 2 0 unlikely to reflect accurate heartrates. Similarly, participant-report counts that were below 5 2 1
were rejected as inconsistent with task understanding. Counts were not used if the participant 2 2 indicated they were falling asleep or unable to sustain attention for a particular block. For these of accuracy data included for heartbeat accuracy: ASD, n=28, TC, n=41 and for visual accuracy:
ASD, n=29, TC, n=44.
6
Interoception in autism and development 10
Image Acquisition (Neuromorphometrics, Inc., Somerville, MA, USA) was applied to the T1-weighted image in 1 1 order to obtain a gray matter image. All gray matter regions were summed to make a total gray 1 2 matter image, and then the gray matter image was nonlinearly normalized to a MNI-152 gray minimized the sum of squared differences between gray matter image and template (SPM12 "Old Normalise", (36, 37)) and modeled spatial nonlinearity with a discrete cosine basis of 25 group. There was a significant difference in motion by diagnostic group such that ASD had
higher max translation in x (p=0.049) and z (p=0.002) and rotation around x (pitch, p=0.015).
1
Second-level analyses combined runs for each subject using a fixed-effects model, by forcing random effects variance to zero in FLAME (FMRIB's Local Analysis of Mixed Effects)
(42-44).
4
Region of Interest Analysis
Regions of interest (ROI) in this study included sub-divisions of the bilateral insula as relationship with age in either linear or nonlinear models. Table 2 shows the best-fit model
parameters for each ROI and age. For relationships with age, model fit and parameters for each insula subdivision can be found 1 1 in Table 2 . in the bilateral insula, while the ASD group also showed response in the visual cortex and related to quadratic, nonlinear age effects. We investigated the relationship between insular response during our interoception task 1 0
and ASD-related symptomology, using SRS total T-score as the dependent variable in separate significantly associated with posterior insula response, we included age in our models of SRS 4 scores. We also incorporated an interaction between insula response and diagnostic group in 5 our models.
6 Table 3 summarizes models for total SRS scores, separated by self-report and other Table   9 3). There was a positive relationship between left posterior insula response and SRS scores for was there a significant interaction between left posterior insula response and diagnostic group.
Age was not significantly associated with SRS score in either model. was there a significant interaction between left posterior insula response and diagnostic group.
8
See Table 3 for model specifics. In this study, we report developmental effects on neural response to an interoceptive cortex during interoception interacted with group to predict ASD symptoms as measured by SRS self-report. These findings suggest that people with autism may integrate internal sensory age range of our sample provided a unique opportunity to detect age-related patterns in 2 interoception.
3
In this study, there was a significant relationship between interoceptive processing and 4 age that was different for children compared to adults. There was a positive relationship 5 between age and insular response to heartbeat counting that continued into early adulthood. there is a tempered decline in interoceptive responses in the insula, but replication is needed to 1 6 confirm this finding.
7
There were no significant differences in cardiac interoceptive neural processing in ASD, 1 8 either in insula subdivisions or in the whole brain search, and no group differences in 18), we found no group differences in the current study, which is consistent with the majority of ability is not dramatically impacted in ASD. However, several previous reports suggest 2 5 differences in interoceptive sensitivity and awareness, rather than accuracy, reflecting altered 2 6 attention to and interpretation of interoceptive cues (9, 17, 18, 59). This mixed profile, potentially 1 reflecting a mismatch between accuracy and confidence (60) could significantly impact social-2 emotional awareness and development by increasing the likelihood of erroneous or inconsistent 3 interoceptive interpetations. This is supported by our data in adults, where insula response was 4 related to self-reported social functioning. Yet, we saw no relationship in caregiver reports of 5 social functioning. Its important to note that self-report was only collected in adults and the 6 majority of caregiver reports were collected in children and young adults. More research is 7 needed to understand the direct influence of primary interoceptive insula response on 8 interoceptive sensitivity and awareness, and how that influence changes during development.
9
In our study, there were no differences in accuracy by diagnostic group, gender, or age.
0
However, accuracy was significantly related to IQ. This may reflect a general understanding of 1 1 task requirements, but more than likely reflects participants' prior knowledge of average resting
heartrate (see (61, 66) for more). As we did not measure beliefs regarding average heartrate, previous work (10, 11), but our study was likely not powered to detect these relationships. To change and cardiac interoceptive accuracy.
8
There are important strengths and limitations to consider in this study. This is one of a few studies to experimentally measure interoceptive accuracy and neural correlates in children, 2 0 which adds to the novelty of this study. Additionally, we excluded for a number of medications 2 1 that could influence autonomic and/or higher-order cognitive or affective function. In a sample 2 2
with ASD, this is very difficult given the common use of these types of medications. Yet, because of the common use of these medications, future studies will need to understand the 2 4
interoceptive consequences of these medications on socio-emotional health. As this work is 2 5
cross-sectional, longitudinal data are needed to confirm developmental shifts in interoception- interoceptive processing across development and in ASD, it will be important to address these 1 1 limitations in future studies.
2
Another important consideration when interpreting interoceptive processing in socio- emotions due to a deficit in processing of affective information" (70) and is highly prevalent in that cardiac interoceptive accuracy is not associated with ASD traits or alexithymia (21). While
we did not measure alexithymia, we did not find differences in cardiac interoceptive accuracy by conceptual landscape and likely contribute to mixed findings.
1
Given our current data, we suggest that 1) there is a developmental trajectory of 2 2
interoceptive neural processing in the insular cortex that is dynamic throughout early adulthood, 2 3
and 2) interoceptive influence on social functioning in ASD is not likely due to primary 2 4
interoceptive deficits. Future studies will need to examine connectivity of interoceptive networks,
especially in the face of exteroceptive demands, to understand influences on social behaviors. Interoceptive impairments do not lie at the heart of autism or alexithymia. J Abnorm Comp Neurol. 521: 3371-3388. 
